Abstract. We performed calculations of width and shift of two intercombination transitions in 88 Sr perturbed by rare gases within the impact approximation. We compare them to accessible experimental data.
INTRODUCTION
We have compared pressure broadening and shifting coefficients of 88 Sr 1 S 0 -3 P 1 transition obtained using a Doppler free technique [1] with those determined from a Doppler limited experiment done by Holtgrave and Wolf [2] . This comparison was done for several buffer gases: He, Ne, Ar, and Xe. A significant disagreement between these both sets of data have been found. The experimental results were also compared with semiclassical calculations based on the impact approximation. In these calculations dispersion coefficients describing long range interaction of Sr atom with rare gas atoms were incorporated.
Next we have investigated connection between collisional broadening and shifting of transitions 1 S 0 -3 P 1 and 1 S 0 -3 P 0 . Our attention was focused on the collisions of thermal rare gases with ultra cold trapped 88 Sr atoms. For this case, a simple analytical expression describing the collisional shift of the clock transition 1 S 0 -3 P 0 has been found. It gives direct connection between collisional shift with the dispersions coefficients describing long range interaction between Sr and rare gas atoms.
In the impact approximation collisional width Γ (HWHM) and shift ∆ coefficients are given by the well known formula [3] :
where f µ ( v r ) is the Maxwellian distribution of relative velocities v r of colliding perturber and absorber, µ and ρ are their reduced mass and impact parameter, respectively. In the adiabatic approximation the angular average of scattering matrix elements in the initial and final state can be written in the following form
where η A−X and η B−X are phase shifts induced by the quasimolecular transitions A 3 0 + − X 1 0 + and B 3 1 + − X 1 0 + , respectively. The phase shift given by the equation
is in fact function of v r and ρ. Here ∆V is the difference between excited and ground electronic state potential for the Sr-rare gas system. Assuming straight line trajectories interatomic separation is equal to r (t) = ρ 2 + v 2 r t 2 . We performed our calculation in the mean speed approximation with relative mean speed of colliding atoms v = 8k B T /π µ, where T is temperature and k B is the Boltzmann constant. We approximated interaction potentials by the modified Lennard-Jones formula V (r) = C 12 /r 12 + C 8 /r 8 +C 6 /r 6 . Constants C 6 and C 8 for quasimolecular states are given in Table 1 . Constant C 12 was estimated following Hindmarsh et al. [4] . For rare gases we used Hindmarsh radii given in [5] and the radii for Sr was calculated from charge densities [6] . Table 2 presents obtained broadening and shifting coefficients compared to experimental data.
Here we focused on the specific case of absorbers trapped and cooled to ultra low temperature [7] affected by collisions with hot perturbers at room temperature. We assume that Lamb-Dicke regime is fulfilled for absorbers and the spectroscopy of absorbed transition is free from Doppler broadening as well as from the photon-recoil. In such a case the investigated transition will be broadened and shifted by collisions with perturbers. Collisions can be divided into two classes: strong and weak collisions, see Fig. 1 .
Strong collisions can change motion state of absorbers and remove them from the trap. This change is caused by the momentum transfer from perturber to the absorber TABLE 1. C 6 and C 8 values for Sr-rare gas systems used in [1] . These were preliminary values and a set was later computed using experimental energy differences in the C n calculation [8] . atoms during collision. Such collisions lead to loss of absorbing atoms if momentum transfer is high enough to heat absorbers to the kinetic energy higher than the trap depth ε trap . This is for impact parameter ρ smaller than some critical value b(v) dependent on perturber velocity v. Weak collisions do not cause the loss of atoms from the trap. Here, the impact parameter ρ > b(v). We investigated the specific case of the optical clock transition 1 S 0 − 3 P 0 . For this transition interaction in the ground and excited state can be described by the single potential curve. One can use the relation |S ii S The comparison of the collisional parameter b, collisional width (HWHM) Γ and shift ∆ obtained in the straight line trajectory approximation (analytical) and the numerically calculated real classical trajectory (numerical). Calculation made for argon as a perturber at temperature T = 293 K. Constants C 6 and C 8 were calculated from values in Table 1 following [8] . lead to significant change of the perturber trajectory. We use the straight line trajectory approximation to obtain an analytical expressions describing collisional broadening and shifting. We assume that in the ground and excited state the absorber-perturber interaction can be given in the invert power form V (r) = C n /r n . Then the force of absorberperturber interaction is of magnitude equal to F (r) = nC n /r n+1 . The component of the force perpendicular to the perturber trajectory is given by the expression F ⊥ = Fb/r where b is the impact parameter for which the motion state of absorber is changed. The effective momentum gained by absorber can be calculated as a time integral of that force
After integration one obtains the following expression
The critical value of the impact parameter b(v) can be calculated using the condition
. In the straight line trajectory approximation the classical phase shift integral can be given in the form η B−X (ρ, v) = 2∆C n L n ℏvρ n−1 .
The final analytical expressions for collisional width and shift are
These results should be averaged over all velocities. Averaging can be carried out assuming that the velocity of the absorbing atoms is negligible and the velocity of perturbers is characterized by the Maxwellian distribution. It is also possible to perform calculations within mean speed approximation with mean speed of perturbers at temperature T equal to v ≈v p = 8k B T /πm A . Our calculations were done for real classical trajectory [11] , too. As can be seen from Table 3 analytical and numerical results agree very well.
